To use the large dataset from the Tysabri Outreach: Unified Commitment to Health (TOUCH) program to compare progressive multifocal leukoencephalopathy (PML) risk with natalizumab extended interval dosing (EID) vs standard interval dosing (SID) in patients with multiple sclerosis (MS).
Natalizumab, a monoclonal antibody directed against the α4-integrin cell adhesion molecule, is an efficacious treatment for relapsing forms of multiple sclerosis (MS), as demonstrated by randomized clinical trials 1,2 and real-world data. 3, 4 The recommended treatment schedule (300 mg IV infusion every 4 weeks) was selected to provide >80% saturation of mononuclear cell α4β1-integrin receptors for ≈1 month after administration. 5, 6 For patients previously exposed to JC virus (JCV), natalizumab treatment is associated with a risk of progressive multifocal leukoencephalopathy (PML). 7 Established risk factors for PML in anti-JCV antibody-positive patients include the level of anti-JCV antibodies in serum as assessed by anti-JCV antibody index, the use of immunosuppressant therapy before natalizumab initiation, and the duration of natalizumab treatment. 8, 9 In real-world practice, treatment cessation, treatment interruptions, and deviations from recommended treatment schedules are not unusual. Several retrospective studies have investigated the effect of extended interval dosing (EID) schedules (infusion intervals >4 weeks) with the goal of maintaining natalizumab efficacy while reducing the risk of PML. 10, 11 These studies, which are limited by nonrandomized designs, small patient populations, and variable definitions of EID, nevertheless suggest that patients switching to natalizumab EID after a period of standard interval dosing (SID) continue to do well. However, because PML is a rare event, these studies did not have sufficient statistical power to assess whether EID is associated with risk reduction of PML relative to SID. Therefore, the safety of natalizumab EID with respect to PML risk is not fully known.
The Tysabri Outreach: Unified Commitment to Health (TOUCH ® ) program, a risk evaluation and mitigation strategy mandated by the US Food and Drug Administration, 7, 12 is designed to inform health care providers and patients about PML and its known risk factors; to warn against concurrent use of antineoplastic, immunosuppressant, or immunomodulatory agents; and to monitor patients for the development of PML and other serious opportunistic infections during treatment. The TOUCH database captures all natalizumab infusion records, patient demographic information, prior immunosuppressant therapy, and anti-JCV antibody status data (since February 2012). It is the largest dataset in the world that can provide safety information associated with alternative dosing intervals of natalizumab.
Methods

Study design
This retrospective cohort study included data collected in the TOUCH program as of June 1, 2017, and included all patients with a known positive anti-JCV antibody serostatus and a known status of prior immunosuppressant use. PML data up to June 1, 2017, from Biogen's Tysabri Global Safety Database were also included in the study. Patients with a history of any interval >12 weeks (dosing gap) or <3 weeks (overdose) between 2 consecutive infusions were excluded. The 3 planned analyses and their respective EID and SID inclusion criteria were developed and finalized under conditions blinded to PML events.
Primary research question
The objective of this study was to use the large, real-world TOUCH dataset to determine whether natalizumab EID was associated with a reduced PML risk compared with SID. Because there is no precise understanding of the mechanism whereby natalizumab causes PML or how dosing schedules might affect PML risk, 3 planned analyses, each with different EID inclusion criteria, were used to evaluate both the effect of EID on PML risk and its potential mechanism.
Classification of evidence
This study provides Class III evidence that in patients with relapsing-remitting MS, natalizumab EID is associated with statistically and clinically significant reductions in PML risk compared with SID. The evidence from this study is rated Class III for the following reasons: retrospective cohort study design, imbalances between EID and SID groups at baseline, and limited available data on potential confounders.
Data collection
Patient data collected in TOUCH include demographic information, the date and dose of each natalizumab infusion, the date and results of anti-JCV antibody testing (since 2012) performed in the previous 12 months, and treatment with immunomodulatory/immunosuppressant therapies in the previous 6 months. The records of cases of PML are captured and maintained in a separate pharmacovigilance database (Tysabri Global Safety Database).
Planned analyses and inclusion criteria
The TOUCH dataset demonstrates considerable variability in natalizumab dosing, whether intentional or unintentional, in US clinical practice. Furthermore, optimal EID infusion intervals and treatment duration are unknown. Therefore, 3 distinct analyses of EID vs SID were planned for this study. Each analysis used different inclusion criteria (definitions) for patients on EID and SID based on the number of doses received during specified time periods to test different hypotheses about the potential effect of EID on PML risk (figure 1). Patients could meet inclusion criteria for >1 analysis.
The primary analysis assessed PML risk associated with the last 18 months of recorded infusion history. Patients who had received ≤15 infusions in the last 18 months of treatment were included in the primary EID (EID-1°) analysis group; patients who had received >15 infusions in the last 18 months of treatment were included in the primary SID (SID-1°) analysis group.
The secondary analysis assessed the effect of any prolonged period of EID in the patient's infusion history on PML risk. For this analysis, individual infusions were categorized as EID or SID. An EID infusion was defined as any infusion preceded by ≤10 infusions in the prior 365 days. Patients receiving such EID infusions consecutively for ≥6 months were included in the secondary EID (EID-2°) analysis group. Similarly, an SID infusion was defined as any infusion preceded by >10 infusions in the prior 365 days, and patients receiving such infusions consecutively for ≥6 months were included in the secondary SID (SID-2°) analysis group. Patients with a history of both ≥6 months of EID-2°dosing and ≥6 months of SID-2°dosing were included in the EID-2°c ohort only. Patients with >1 EID-2°regimen were excluded, increasing the analytical rigor.
The tertiary analysis assessed the effect of a dosing history consisting primarily of EID on PML risk. Patients who had received ≤10 infusions per year (annualized number of infusions) over their entire treatment history were included in the tertiary EID (EID-3°) analysis group; patients who had received >10 infusions per year were included in the tertiary SID (SID-3°) analysis group.
Two prespecified sensitivity analyses were performed. In the first, cases of PML occurring before 2012 (before collection of anti-JCV antibody test results in TOUCH) were assumed to be anti-JCV antibody positive and added to the 3 planned analyses described above. In the second sensitivity analysis, alternative EID definitions of ≤13 infusions in the last 18 months and ≤9 infusions over any 12-month period were used for inclusion in the primary and secondary EID analysis groups, respectively. Alternative inclusion criteria for the tertiary analysis were not tested.
All analyses were performed on deidentified data collected in the TOUCH program with patient consent and on PML data collected via standard pharmacovigilance practices to monitor natalizumab safety as required by regulatory authorities. Additional informed consent was not required.
Statistical analysis
Demographic and treatment history data for the overall study population and for each EID analysis cohort were summarized by descriptive statistics. For the 3 planned analyses, time-toevent (PML occurrence) analyses using Kaplan-Meier estimates of cumulative risk were performed for the EID and SID cohorts. Time to event was based on time since initiation of natalizumab treatment. A log-rank test was performed to compare the time to event between the EID and SID cohorts. The conditional probability of PML in each exposure epoch (defined as a series of 12 infusions) was derived for the EID and SID cohorts with the life-table method stratified by prior immunosuppressant use. The PML hazard ratio (HR) in the EID and SID cohorts was estimated with a time-varying covariate Cox regression model adjusted for age, sex, calendar year of the start of natalizumab treatment, and prior immunosuppressant use (yes/no) as covariates and the cumulative number of infusions as the time-varying covariate.
For each analysis, the PML HR estimate (EID vs SID) and its 95% confidence interval (CI) from the Cox model were the primary basis of inference. Specifically, if the HR upper 95% CI limit was <1, the EID cohort would be considered to have a lower risk of PML than the SID cohort. If the HR point estimate was ≥0.9 and ≤1.1, the EID and SID cohorts would be considered to have similar risks. If the HR lower 95% CI limit was >1, the EID cohort would be considered to have greater risk. At the time of analysis plan specification, the anticipated study population sizes and expected number of PML events predicted ≈85% power to detect a risk reduction ≥50% (i.e., an HR ≤ 0.5) as defined by the above rules of inference.
The statistical analysis plan was developed and finalized under conditions blinded to PML events. PML data from the Tysabri Global Safety Database were merged with TOUCH after the analysis plan was finalized.
Data availability
Data from the TOUCH program and pharmacovigilance databases used in the analyses described in this article are the sole property of Biogen and are not publicly available. The authors and Biogen are fully supportive of allowing independent assessment and verification of these results. Biogen has established processes to share protocols, clinical study reports, study-level data, and patient-level data with qualified scientific researchers (supplementary file 1, links. lww.com/WNL/A974).
Results
Patients
Of the 90,038 patients enrolled in TOUCH as of June 1, 2017, 35,521 were anti-JCV antibody positive and eligible for this study (figure 2). After application of the prespecified EID and SID inclusion criteria, the study populations included 1,988 patients on EID and 13,132 on SID in the primary analysis, 3,331 patients on EID and 15,424 on SID in the secondary analysis, and 815 patients on EID and 23,168 on SID in the tertiary analysis. The most common reasons for patient exclusion were the presence of dosing gaps or overdoses in treatment history (primary, secondary, and tertiary analyses) and <18 months of available dosing data (primary analysis only).
The baseline demographics in the EID and SID groups were well balanced across the 3 analyses (table 1). In all 3 analyses, patients on EID had more natalizumab infusions and longer total duration of natalizumab treatment than patients on SID. Patients on EID included in the primary analysis had received a median (range) of 37 (1-117) infusions before starting EID. In the secondary analysis (in which each infusion was defined as either EID or SID), patients in the EID-2°group had received a median (range) of 25 (1-121) infusions before starting EID. For all 3 analyses, the median average dosing interval (ADI) over the entire treatment duration was 33.5 to 41.4 days for patients on EID and 29.4 to 29.8 days for patients on SID. In the primary analysis during the cohort-defining final 18 months of treatment, median ADI (interquartile range) was 42.2 (39.0-49.1) for patients on EID patients and 29.7 (28.6-31.4) for those on SID.
Risk assessment
The Kaplan-Meier-estimated cumulative risk of PML was significantly lower with EID than with SID (figure 3, A-C). In the primary and secondary analyses, cumulative risk appeared to separate after 24 to 36 months, with separation increasing at later time points. Cox regression analysis also identified significant reductions in PML risk with EID treatment in the primary and secondary analyses (both p < 0.001; table 2). The covariate-adjusted HR in the primary analysis was 0.06 (95% CI 0.01-0.22), corresponding to a relative risk reduction of 94% in patients in the EID-1°group vs those in the SID-1°group. In the secondary analysis, the covariate-adjusted HR was 0.12 (95% CI 0.05-0.29), corresponding to a relative risk reduction of 88% in patients in the EID-2°group vs patients in the SID-2°g roup. Because no cases of PML were observed with EID in the tertiary analysis, the risk-reduction point estimate was 100%, and the Cox regression model 95% CI was nonestimable.
Prior immunosuppressant use significantly increased PML risk. Covariate-adjusted HRs were 2.92 (95% CI 1.67-5.11, p < 0.001) in the primary analysis and 2.90 (95% CI 1.60-5.27, p = 0.001) in the secondary analysis (table 2) . However, the significance of this observation is limited by the small number of patients with immunosuppressant use (95 for EID-1°and 175 for EID-2°).
Sensitivity and post hoc analyses
The robustness of the 3 analyses was evaluated to determine the effect of study design decisions on the results. The first sensitivity analysis examined the effect of excluding patients without known anti-JCV antibody status by including cases of PML that occurred before 2012 under the assumption that all were anti-JCV antibody positive. This added 1 case of EID and 67 cases of SID PML to the primary analysis, 5 cases of EID and 65 cases of SID PML to the secondary analysis, and 0 cases of EID and 71 cases of SID PML to the tertiary analysis. When the same post-2012 population denominators as the planned analyses were used (because anti-JCV antibody status is mostly unknown for the pre-2012 population), HRs for EID vs SID ranged from <0.01 to 0.09 in all 3 analyses (table 3) .
The second sensitivity analysis investigated the effect of the number of EID doses required for inclusion in EID groups by using alternative eligibility criteria. The risk of PML was significantly lower for EID than for SID with the use of the alternative EID inclusion criteria of ≤13 infusions in the previous 18 months (HR 0.10, 95% CI 0.02-0.45) in the primary analysis or ≤9 infusions over 12 months (HR 0.01, 95% CI < 0.01-0.09) in the secondary analysis (table 3) . Alternative EID inclusion criteria in the tertiary analysis were not explored because no cases of EID-3°PML were observed.
Two post hoc analyses were carried out to address the influence of potential selection biases on the composition of the EID analysis cohorts. When the effect of excluding patients with dosing gaps (intervals >12 weeks between 2 infusions) was assessed by including patients with dosing gaps in the 3 planned analyses of PML risk, the resulting HRs ranged from 0.08 to 0.16 (table 3) .
Although all patients included in this study had tested positive for anti-JCV antibodies at least once, a second post hoc analysis was conducted to evaluate whether the duration of (table 3) . This sensitivity analysis was not performed for the tertiary analysis.
EID was associated with a reduction in the conditional risk of PML in each successive epoch of natalizumab treatment for all 3 definitions of EID and SID (table 4). Over the first 4 treatment epochs (≤48 infusions), only 1 case of PML (in the secondary analysis) was observed in EID groups; no cases were observed in the primary and tertiary analyses. In the fifth and sixth epochs (49-72 infusions), PML risk was substantially lower for EID than for SID across all 3 analyses (table 4) .
Cases of EID PML
Thirteen cases of PML were identified among patients meeting primary and secondary EID inclusion criteria. One case met the primary analysis criteria only; 10 cases met the secondary analysis criteria only; and 2 cases met criteria for both analyses. There were no cases of PML in the tertiary analysis. At the time of PML diagnosis, 8 of 13 patients, all of whom were included in the secondary analysis, had switched back to SID from EID and had been on SID for ≥28 weeks immediately before PML diagnosis (data not shown). On the basis of 3 different measures, patients with PML with a history of EID had greater natalizumab exposure than their respective overall EID cohorts. . Prior immunosuppressant use was also more common in cases of EID PML than in the overall EID cohorts (primary analysis: 33% vs 5%; secondary analysis: 17% vs 5%). Of the 7 cases of PML for whom pre-PML anti-JCV antibody index values were available, 6 had index values >1.5 (data not shown).
Discussion
To address the question of PML risk with EID, we conducted a retrospective cohort study using patient data collected by the TOUCH program. This is the largest study of PML risk associated with natalizumab EID to date and provides an example of how real-world data derived from a Risk Evaluation and Mitigation Strategy program can be rigorously analyzed to address a clinically meaningful question of risk reduction. Even though PML is an uncommon event, the size of the TOUCH dataset provided sufficient power to produce robust and statistically significant results. We evaluated PML risk in anti-JCV antibody-positive patients who met any of the 3 inclusion criteria for natalizumab EID vs the risk in patients on SID using 3 different prespecified analyses to investigate Abbreviations: ADI = average dosing interval (over entire treatment history); EID = extended interval dosing; Q1 = first quartile; Q3 = third quartile; SID = standard interval dosing. Figure 1 provides definitions of EID and SID in the primary, secondary, and tertiary analyses. a Information on patient sex was missing for <1% of patients in each group. b Information on prior immunosuppressant therapy was missing for 4% to 5% of patients in each group. The difference in dosing intervals between the overall EID and SID groups was relatively modest (ADI 35-43 days for EID vs 30-31 days for SID). While these values combine different treatment practices and dosing patterns, the results suggest that extending dosing intervals by as little as 1 to 2 weeks may produce a large reduction in PML risk. It is unlikely that the main conclusions of this study were affected by outliers at either end of the ADI range, because patients with any dosing interval <3 weeks or >12 weeks in their history were excluded from the planned analyses and third-quartile (75th percentile) ADI ranges for the EID cohort were 37 to 45 days.
Prespecified sensitivity analyses were performed to evaluate whether and how the results were affected by the following 2 study design elements: (1) the inclusion only of patients with known positive anti-JCV antibody status and (2) the number of EID infusions required for inclusion in the EID-1°or EID-2°groups. In addition, a post hoc sensitivity analysis was performed to evaluate the effect of excluding patients with a history of dosing gaps (>12 weeks between doses). The results of both the sensitivity and post hoc analyses were comparable to those of the 3 planned analyses, demonstrating the robustness of the risk estimates and further strengthening the main conclusion that natalizumab EID is associated with lower PML risk than SID in at-risk patients.
The possibility that physicians are more likely to switch patients with longer durations of JCV seropositivity to EID created a potential selection bias in the composition of the EID cohorts. When anti-JCV antibody positivity status was accounted for as a time-varying covariate in a second post hoc analysis, the resulting HRs and 95% CIs were similar to those produced in the original prespecified analyses, indicating that this potential bias did not have a major bearing on the main study conclusions.
The identification of 13 cases of PML among the combined 5,249 patients in the EID-1°and/or EID-2°groups indicates that while these EID regimens are associated with significantly lower PML risk than SID, the risk is not completely eliminated. No cases of PML were observed with the more stringent tertiary analysis, although the EID-3°group was relatively small (n = 815). Most of the cases of EID PML described here had multiple risk factors for PML, including longer overall natalizumab treatment duration, longer periods of SID before switching to EID, and a greater likelihood of prior immunosuppressant use than patients in the corresponding overall EID cohorts. In addition, several of the cases of EID PML had returned to SID before PML diagnosis. In a previously published case report of PML in a patient receiving natalizumab EID, the affected patient also had elevated PML risk factors, including a prolonged period of SID preceding EID and an anti-JCV antibody index >1. 5. 13 The biological mechanisms underlying the observed PML risk reduction require additional research, but partial reversal of the pharmacodynamic effects of natalizumab, including decreased receptor saturation, increased soluble vascular cell adhesion molecule expression, and a reduced natalizumabinduced peripheral lymphocytosis, has been reported to occur 4 to 8 weeks after the last dose 14 and may allow the reestablishment of some immune surveillance in the CNS. The pathogenesis of PML is complex, and natalizumab may increase PML risk via mechanisms other than or in addition to reducing immune surveillance. 15 Therefore, alternative hypotheses for the observed risk reduction with EID that are not based on an increase in immune surveillance should also be considered. Abbreviations: CI = confidence interval; EID = extended interval dosing; HR = hazard ratio; PML = progressive multifocal leukoencephalopathy; SID = standard interval dosing. Refer to figure 1 for definitions of EID and SID in the primary, secondary, and tertiary analyses. a Model includes age, sex, prior use of immunosuppressants, EID/SID group, and calendar year at the start of natalizumab treatment as covariates. Modeling could not be performed in the tertiary analysis because no PML events occurred in the tertiary analysis EID group.
The conclusions of this study are limited by several inherent biases. Patients on EID received more doses of natalizumab than patients on SID, which could have introduced a selection bias favoring more cases of PML in the EID cohorts because natalizumab exposure is a known PML risk factor. Conversely, most patients had received >2 years of SID treatment without developing PML before starting EID, so the EID groups may have included patients with inherently reduced risk of PML, thereby introducing a selection bias in favor of fewer cases of PML in the EID groups. In addition, anti-JCV antibody index data are not available for all patients in TOUCH; therefore, we do not know whether index values differ between the EID and SID cohorts and whether any such difference plays a role in the risk reductions observed in this study. Because EID is used as an offlabel strategy in clinical practice to reduce PML risk, anti-JCV antibody index values might be higher in patients on EID than in those on SID, as was observed in a retrospective study of natalizumab EID. 11 If this is true, the risk reductions seen in the EID cohorts described here could potentially be even larger in EID and SID patient populations with the same distributions of anti-JCV antibody index values. Lastly, we note that the Kaplan-Meier risk estimates are subject to increasing levels of uncertainty over time due to reductions in the cohort population sizes, especially beyond 5 years of treatment. However, the EID and SID Abbreviations: CI = confidence interval; EID = extended interval dosing; HR = hazard ratio; JCV = JC virus; NA = not analyzed; PML = progressive multifocal leukoencephalopathy; SID = standard interval dosing. Figure 1 provides definitions of EID and SID in the primary, secondary, and tertiary analyses. a Cases of PML assumed to be anti-JCV antibody positive and occurring before 2012 were added to the analysis populations. This added 1 case of EID and 67 cases of SID in the primary analysis, 5 cases of EID and 65 cases of SID in the secondary analysis, and 0 cases of EID and 71 cases of SID in the tertiary analysis. b Alternative EID definitions were ≤13 infusions in the last 18 months in the primary analysis and ≤9 infusions over 12 months in the secondary analysis. An alternative definition in the tertiary analysis was not explored. c Patients with dosing gaps >12 weeks between infusions were added to the pre-2012 PML case sensitivity analysis cohorts. d Cox regression modeling of JCV status as a time-varying covariate, EID vs SID. This model was not tested in the tertiary analysis. e The 95% CI was not estimable because no cases of PML occurred in the EID-3°group.
curves are well separated even at 60 months (5 years) of natalizumab treatment, when there are still substantial numbers of patients in all 3 analysis groups. The TOUCH program is ongoing, so future analyses of the TOUCH dataset will add more patients and observation time to each of the 3 groups and should provide greater certainty for the risk estimates.
Finally and most important, because the TOUCH program does not collect information about therapeutic efficacy, we could not assess the benefit-risk profile of EID compared with SID. Several studies of patient outcomes after natalizumab discontinuation indicate that MS disease activity is suppressed for at least 6 weeks and possibly as long as 12 weeks after the last administration. [16] [17] [18] [19] Furthermore, 2 retrospective studies have suggested that natalizumab efficacy is not compromised by EID regimens. 10, 11 However, the findings from these studies are limited by nonrandomized designs, small study populations, variable dosing practices, and potential selection biases in the EID study populations. In contrast to the clinical results, model-based simulations of natalizumab exposure have suggested that EID regimens (with 6-to 8-week intervals) may not confer adequate protection against MS disease activity. 20 The information provided in this study is highly relevant to health care providers and patients considering initiating or continuing natalizumab therapy. However, the benefit-risk profile of natalizumab EID has not been fully defined, and it is premature to suggest that SID should be replaced by EID or that the established PML risk stratification measures should be revised. 9, 21 An ongoing randomized prospective trial of EID vs SID (ClinicalTrials.gov identifier NCT03689972) will yield a more comprehensive understanding of both the effectiveness and safety of natalizumab EID.
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